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ABSTRACT
Thisthesisis on theinvestigationof polymer-zeolitecompositemembranesfor gas
separationandtheeffectsof a numberof parameterssuchassolventandzeolitetype,zeolite
content,polymer/solventratioandpreparationtemperatureonthemicrostructureof thefinal
membrane.Althoughthereis anincreasinginterestinpolymericompositemembranes,most
of thepreviouswork concentratedonthesynthesisandperformancemeasurementsof new
membranematerialsratherthan the effectsof differentmethodsand parameterson
processmg.
In this studypolymer-zeolitecompositemembraneswere preparedby a phase
inversiontechnique.Polysulfone,naturalzeoliteand syntheticzeolite 13X wereusedas
polymerand secondphasesrespectively.Dichloromethaneand dimethylformamidewere
usedas solvents.Four experimentalsetsof membranescontainingthe samepolymerbut
differentsolventsand zeolites with increasingzeolite loadings were preparedand
characterizedby thermogravimetricanalysis,infraredspectroscopy,opticalmicroscopyand
scanningelectronmicroscopy.
It hasbeenfoundthatthetypesof thesolventandzeolitedirectlyaffectthe final
microstructureof themembranes.Solventremovalrateanddistributionof zeoliteparticles
areimportantandhavestrongeffectson themechanicalperformanceof themembranes.
Membranespreparedby usingsyntheticzeolite13X anddichloromethaneweredetermined
to be the best zeolite distributionsin the microstructureby optical microscopyand
thermogravimetricanalysis.Uniform and mechanicallystrongmembraneswith 20-60 %
syntheticzeolitecontentswere prepared.Mechanicallyweak and relativelynonuniform
membraneswere preparedby usingnaturalzeoliteclinoptilolite.The incorporationof an
ultrasonictreatmentof the zeolitedispersionmost likely contributedin the successful
deagglomerationf thesecondphaseinthepolymermatrix.
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Bu yah~magaz aYlrmai~lemleriiyin polimerzeolit kompozitmembranlann
haZiflanmaslileyoziicuvezeolitcinsi,zeolitmiktan,polimer/yoziicuoraru,vehazlrlama
slcakhglgibiparametrelerinmembrarunmikroyaplslve performansluzerindekietkisinin
incelenmesiniiyerir.Polimerve polimerkompositmembranteknolojisiuzerinegiderek
artanbirilgiolmasmaragmenbualandadahaonceyapl1anyah~malarmembranhazlrlama
tekniklerive hazlrlama parametrelerininetkisinden daha yok yeni membran
malzemelerininuretimi ve bu membranlannperformanslanrunolyumleriOzerinde
yogunla~ffil~tlr.
Polimer-zeolitkompozitmembranlannhaztrlanmasmdaf z donu~umuteknigi
kullamlml~tlr.Polimer olarak polisulfon, yoziicu olarak dimetilformamidve
diklorometan,zeolit olarak hem dogal hem de sentetik zeolit kullarulffi1~ttr.
HaZiflanmalanndafarkhyoziiculerkullarulan,ayrupolimeriancakfarkhzeolitcinslerini
degi~enoranlardaiyerenmembranlardanolu~andoft ayn deneyseti hazlrlanrnt~,bu
membranlannkarakterizasyonulSlsalanalizsistemi,IR spektroskopisi,optikmikroskop
vetaramahelektronmikroskopukullarularakyaptlffi1~tlr
Sonuyolarak sentetikzeolit 13X ve diklorometankullarularakhazlrlanan
membranlann,en iyi zeolitdagl11ffi1nasahipolduklanoptik mikroskopve lstsalanaliz
yah~malanyletespitedildi.%20-60sentetikzeoliteiyeren,homojenve mekanikolarak
saglam embranlarhaztrlandl.Mekanikolarakzaytfvegoreceliolarakhomojenolmayan
membranlardogal zeolit kullarularakhazlrlananmembranlard1.Zeolit suspansiyonu
hazlrlanmaslslrasmdaultrasonikbanyokullaruffi1run,polymermatriksiyindezeolitlerin
homojendagutffi1nay rdtrnCloldugusaptandl.
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ChapterI
INTRODUCTION
Membraneis a permselectiveinterphasebetweentwo bulk phases.Thesebulk
phasesmay be homogeneousor heterogeneous;nonporous, microporous or
macroporoussolid,a liquidphaseor a gel. The membranephaseis alwaysthinwith
respecttothetwobulkphases.
In amembraneseparationprocess,themembranephasecontrolstheexchangeof
massbetweenthetwobulkphaseswhicharemixtures.Oneof thespeciesin themixture
isallowedtobeexchangedin preferenceto others.The membraneis selectiveto oneof
thespecies.Oneof thebulk phasesis enrichedin the specieswhich is preferentially
transported.Selectiveandcontrolledtransferof one speciesfrom one bulk phaseto
anotherbulkphaseseparatedbythemembraneis accomplisheduringtheprocess.
Thetransportof speciesacrossthemembraneis dueto one or moredriving
forces.Thesedrivingforcesaregeneratedby a chemicalpotentialgradientor electrical
potentialgradientA gradientin chemicalpotentialmaybe due to a concentration
gradientorpressuregradientor both.The fluxof anyspeciesthroughthemembraneper
unitdrivingforceisproportionalto thepermeabilityof thespecies.Thedrivingforcecan
beexpressedasthepartialpressuredifference.1.Pior theconcentrationdifference~Ci
acrossthemembrane,for speciesi,
fluxofspeciesi =[(permeabilityof speciesi)/membranethickness)](.1.Pior .1.cD.
Theratio,[(permeabilityof speciesi / effectivemembranethickness)],is called
thenormalizedpermeabilityof speciesi in membraneseparations.Therearea coupleof
waysto definethe selectivityof the membranebetweentwo species.A common
definitionfortheseparationfactoraij ( sometimescalledastheselectivity)for speCIesI
andj is;
'J •
wheretheprimeanddoubleprimesuperscriptsreferto theupstreambulk phase(feed)
andthedownstreambulk phase(permeate)respectively.If downstreampressureor
concentrationis negligiblein comparisonto theupstreampressureor concentration,the
separationfactorwillbeequalto theratioof permeabilitiesof thetwo species.
Feed
Gas
atP =Pf
PressureHousing
Residue Gas
at Pr =Pf
Figure 1.A typicalmembranebasedseparationapplication[1].
Althoughcommercialmembraneapplicationsbecameavailablein thelate1970's,
themembraneconceptin separationwas knownby scientistsin 1800s.Sinceall the
necessaryseparationsandmasstransportprocessesin livingorganismsarebasedon
membranes,theyattractedsignificantinterestespeciallyfrombiologistsandphysiologist.
Thescientificdescriptionsof osmosisanddialysisweregivenby Dutrochetin 1823.
TraubeandPfeffermadequantitativestudieson osmosisin 1867and 1877.Graham
producedoxygenenrichedairbyusingmembranesbytheendofthe 19thcentury.
Thefirstwell-knownmembranebasedseparationprocesswas theirusefor the
separationof uraniumisotopesandUF6 utilizinginorganicporousmembranes.Thiswas
partoftheManhattanProjectwhichledto thedevelopmentof thefirstnuclearweapons
duringWorldWarII. Researchanddevelopmentonmembranescontinuedon laboratory
scalewithoutasignificantindustrialapplicationuntil1970s.
Developmentof polymerscienceandpolymerengineeringenabledscientistsand
engineersto preparenew membranesby using polymerssuch as polysulfones,
polyacetatestc.In mid 1970s,Monsantoannouncedtheirfirst commercialpolymeric
membrane(PrismTIvI) for gas separationand other commercialmembranesbecame
availablespeciallyfor waterdesalinationby reverseosmosis.Successfultransferof the
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experiencegainedto otherlarge-scaleseparationprocessesmademembraneseparation
processesbecomea promisingalternativeto conventionalseparationtechniques.Gas
separationmembranesbecamecommerciallyavailablefor O2, N2, CO2, CO, H2, andCRt
separationby1980s.Sincethedominantpartof anymembraneprocessis themembrane
itself,academicandindustrialinteresthavebeenfocusedonthenewmembranematerials
thatexhibithighpermeabilityandhigh selectivityto the componentsof interest.An
excellentreviewof thefundamentalsof membranescienceis givenin a reviewpaperby
Stem[2].
In orderto achievea highpermeabilitywithoutdecreasingtheselectivityor vice
versa,secondphasescanbeintroducedintopolymericmembranes.Therearea number
of recognizedresearchgroupsin USA andEurope.Koros et al. [3] examineda large
varietyofmembranesincludingpolyamides,polysulfone,celluloseacetate,otherglassy
polymers,and polymerblends in separationprocessessuch as gas separation,
desalination,andreverseosmosis.They also examinedthe effectsof aromatic and
functionalgroupson the performanceof the membranes.They found that different
functionalgroupsmayhavea directeffect-onthe membraneperformance.Duval [4]
examinedtheperformanceof differentpolymericmatrixmembraneswith zeolites,
silicaliteandcarbonfillers.EPDM andPDMS filled membraneswerepreparedandthe
effectof adsorbenttypeandloadingon themembraneperformancefor gasseparation
andpervaporationwereevaluated.It wasalsofoundthatpermeabilitiesof specificgases
andliquidsfirstdecreasewith the adsorbentloadingthenincreaseabovea certain
loadings.Anincreasein theperformancewasobservedgenerallyin all filledmembranes
dependingonthefillertypeandloading.He concludedthatseparationperformancesof
rubberypolymersweresignificantlyenhancedwhenzeoliteswereincorporatedprovided
thatthegasmoleculescould diffusethroughthe zeoliteparticles.This effectwas
polymerindependentandwas evenobservedwhennon-selectiveor poorlypermeable
polymerswereconsidered.Hennepe[5] reportedimprovedselectivitiesfor the
separationfvariousalcoholsfromwaterbypervaporationusingsilicalitefilledsilicone
rubbermembranes.Yilmaz[6]andOkumus[7]studiedtheeffectof feedcompositionon
theperformanceof membranesand the separationof water-alcoholmixturesby
pervaporationin polymer-zeolitemixed-matrixmembranesrespectively.Their results
showedthatselectivitywas independentof feed compositionindicatingthat ternary
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interactionsdidnoteffectthegaspermeationmechanism.Zeoliteadditionsmayincrease
permeabilitybut may also causea small decreasein selectivity.The preparation
procedureand the zeolite type significantlyaffectedthe transportpropertiesof
membranesinthiswork.Almostall of thesestudiesusedphaseinversiontechniqueto
producepolymeror polymericmixed-matrixmembranes.Gur [8] used extrusion
techniquestopreparezeolitefilledpolysulfonemembranesfor gasseparation.He found
thatadditionof zeolitedidnotincreasemembraneperformancesignificantly.In Li's [9]
study,anewapproachwasappliedto produceverythinpolymericmembranes.In this
techniquepolymeris dissolvedin a solventwitha suitablesurfacetensionanda density
lowerthanthatof water.Thenthesolutionis fedon water.As thesolventevaporates
verythin,1to 10nm,polymericfilmis formedon thesurfaceof water.Themembrane
producedby this techniquehas very good gas separationperformanceand can be
producedcontinuously.
In thisstudythepreparationof polymer-zeolitecompositemembranesfor gas
separationa dtheeffectsof a numberof parametersuchas solventandzeolitetype,
zeolitecontent,polymer/solventratioandpreparationtemperatureon themicrostructure
ofthefinalmembranehavebeeninvestigated.
...\.- 4
ChapterII
MEMBRANE TYPES AND THEIR CLASSIFICATION
Sincesyntheticmembraneshave significantdifferencesin their physicaland
chemicalstructures,it is a difficulttask to classifymembranes.Classificationsmostly
takeintoaccountonepropertyof membranes.Membranescanbe dividedinto three
groupswithrespecto structure,materialandapplication.A classificationin line with
theabovefactwaspreparedby theauthorof this thesisandis schematicallygivenin
Figure2. An alternativeclassificationbasedon the structure,productionmethod,
functionandapplicationshowingthebasicrelationbetweendifferentcombinationsis
giveninFigure3.
2.1StructureBasedClassification
2.1.1AsymmetricMembranes
Themostwidelyusedmembranesusednowadaysin separationprocesseshave
asymmetricstructures.A membranebasicallyis requiredto havehigh masstransport
ratesfordesiredcomponentsandgood mechanicalstrength.An asymmetricmembrane
consistsofa verythin(0.1 to 1 ~m)layeron a highlyporous100-to 200-~m-thick
sublayer.Theverythinskin is the actualmembrane.This is schematicallyshownin
Figure5.Theseparationcharacteristicsandperformancesaredeterminedby thenature
ofthisskinlayeror theporesize.The masstransportratemainlyis determinedby the
thickness,sinceit is inverselyproportionalto the thicknessof theactualbarrierlayer.
Thehighlyporousublayerservesasa supportfor theverythinandfragileskinandhas
verylittleeffecton theseparationcharacteristicsandthe masstransportratesof the
membrane.
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Asymmetricmembranesare used primarily in pressure-drivenmembrane
processeslikereverseosmosis,ultrafiltration,orgasseparationwherehighmasstransfer
ratesandgoodmechanicalpropertiesarerequired.
In additionto high filtration rates, asymmetricmembraneshave another
significantadvantage.Conventionalsymmetricstructuresactasasymmetricdepthfilters
andretainmostparticleswithintheirinternalstructure.Thesetrappedparticlesplugthe
membraneandthefluxdecreasesduringoperation.Asymmetricmembranesaresurface
filtersretainingall rejectedmaterialsat thesurfacewheretheycanberemovedby shear
forcesappliedby the feedsolutionmovingparallelto the membranesurface.The
differenceinthefiltrationbehavioursof symmetricandasymmetricmembraneareshown
schematicallyinFigure5.
Compositemembranemay also have an asymmetricstructure.The actual
selectivemembranelayer is depositedon the surfaceof a porous substrate.The
performanceof a compositemembraneis notdeterminedonlyby theselectivesurface
layerbutalsothemicroporousupportstructure,poresize,poredistributionandoverall
porosity.
Theporosityof themicroporoussubstructureshouldbe as highas possibleto
minimizetheproportionof thesurfacefilmthatis in contactwiththesupportin orderto
maximizemasstransportarea.The pore diametershouldbe as smallas possibleto
minimizethedistancebetweenunsupportedpoints of the polymerlayerfor better
mechanicalstrengthofthetoplayer.
2.1.2SymmetricMembranes
A homogeneousmembraneconsistsof a uniformdensefilm or porouslayer
throughwhicha mixtureof speciesis transportedunderpressure,concentration,or
electricalpotentialgradients.The transportrates of various speciesthroughthe
membraned pendontheirdiffusivitiesandconcentrationsin themembrane.Separation
is accomplishedthroughthedifferencesin thesetransportrates.Sincethetransportof
speciesoccursby diffusionand the permeabilitiesare relativelylow, homogeneous
membranesshouldbeasthinaspossible.Thesemembranesmayalsoseparatespecies
similarin size and diffusivitieswith differentsolubilitiesor concentrationsin the
membrane.
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Althoughtherearea numberof homogeneousmembranesmadefrominorganic
materialssuchas glass,metalsand ceramics,most commonlyknown homogeneous
membranesarepolymericmaterials.Modem polymerchemistryis very successfulin
tailoringpolymersfor specificusesin termsof mechanicalor thermalstabilityaswell as
chemicalcompatibilityo satisfytheneedsof specificmembraneprocesses.In general,
masstransferis greaterin amorphouspolymersthanin highlycrystallineor cross-linked
polymers.
,2mm
a) b)
Figure 4.Structuresofa)symmetricandb)asymmetricmembranes[11].
a) b)
Figure 5.Filtrationbehaviourof a)symmetricandb) asymmetricmembranes
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Thus crystallisationand orientationare undesiredpropertiesfor polymeric
membranes.A highlycrystallizedand orientedstructureis not desiredin polymeric
membranes.Ontheotherhandcrystallinity,cross-linkingandthedegreeof orientation
enhancethemechanicalpropertiesof polymericmaterials.Themembranewill representa
compromiseb tweenecessarystrengthpropertiesanddesiredmass-flux.Theprincipal
aimistocreateabarrierwhichhasthenecessarymechanicalpropertieswithoutpinholes
ordefectsandasthinaspossible
Homogeneousmembranesareusedin variousapplications.The mostimportant
onesaregasseparationand pervaporation.Silicon rubberis the most widelyused
polymerbecauseof itsrelativelyhighpermeability.
Somemembranescannotbeclassifiedasasymmetricor symmetricwith respect
to theirstructure.For exampleliquid phase membraneshave gained increasing
significancein recentyearsin separationprocesses.When usedin combinationwith
"carriers"capableof transportingcertaincomponents,such as metal ions, these
membranescanachievehighselectivityandrelativelyhightransportrates.In additionto
liquidmembranesdynamicallyformed membranesconsist of a selectivelayer of
dispersed,colloidalparticlesonahighlyporousbase.Thislayeris in dynamicequilibrium
withthesolutionandispermanentlyremovedandrebuiltsincethe"membranematerial"
issuspendedinthefeedsolutiontobeseparated.
2.2MaterialBasedClassification
Membranescanbedividedintotwogroupsasorganicandinorganicmembranes
withrespectto theirmaterial.Sinceall organicmembranesaremadeup of polymeric
materials,thisclassificationcanbefurtherimprovedasglassyandrubberypolymersin
polymericmaterialsorceramic,metallicandadsorbentfilledin inorganicmaterials.
2.2.1PolymericMembranes
Polymersarelargemoleculesbuiltup bytherepetitionof small,simplechemical
units.Thisrepetitionmaybelinearorbranchedto formthethree-dimensionalnetworks.
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Glassypolymersuchas polysulfones,polyamides,polyacetatesare in glassystateat
roomtemperatureso the membranesmadeup of thesematerialshave glass like
propertiesandhavehighselectivitiesandlow permeabilities.Rubberypolymersuchas
naturalrubber,siliconrubberandsiloxanesarein rubberystateat roomtemperature.
They showrubberlikepropertiesandmembranesmadeup of rubberypolymersshow
highpermeabilitiesbutlowselectivities
2.2.2InorganicMembranes
Ceramic,metallicandadsorbentfilled compositemembranesmaybe grouped
underthisheading.Theapplicationof ceramicmembranesin separationprocesseshas
receivedconsiderableattentionin the pastfew yearsbecauseof theirhigh chemical,
mechanical,and biologicalstabilitiesin comparisonwith polymeric membranes.
Ultrafiltrationalumina,titaniaandzirconiamembranesarecommerciallyavailableporous
ceramicmembranes.Thehigh-temperaturepropertiesof thesemembranesarecurrently
attractingconsiderableinterestfor theirpotentialhigh-temperatureapplications.Like
ceramicmembranes,metallicmembranesarepreferredfor theirhigh-temperatureand
high-pressurem chanicalndchemicalstabilities.
In orderto preparemembraneswith high permeabilityand high selectivity
inorganicmaterialssuchas zeolites,activecarbon,or othermolecularsievescan be
introducedinto a polymericmatrix. Thesemembranesmayalsobe calledcomposite
membranestoo. Althoughcompositemembranesusuallyhave a layeredstructure,
adsorbentfilledcompositemembranesconsistof a polymermatrixanda secondphase
distributedinthematrix.
2.3ApplicationBasedClassification
Membraneswithdifferentphysicalpropertiesandstructuresmaybeusedfor the
sameseparationprocesses.Most importantmembraneseparationprocessesarelistedin
theTables1 and2. Someof thesemembranebasedseparationprocessesarebriefly
discussedbelow.
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Osmosisi a separationprocessin whichthesolventis transportedthroughthe
membraneas a resultof a differencein trans-membraneconcentration[10]. The
separationisbasedonosmoticequilibriumwhichis ahydrodynamicequilibrium:solvent
stillpassesthroughthemembranebutfluxesarestatisticallythesamein bothdirections.
Althoughapplicationof osmosisarelimitedsomeaqueoussolutionscanbe separated
intotheircomponentsbyosmosis.
Inreverseosmosisanexternalforcewhichis greaterthancorrespondingosmotic
equilibriumis appliedandthesolventflux is reversedso thatthe solutionwithgreater
concentrationsfurtherconcentrated[10].If themembraneretainsonlymacromolecules
orparticleswithaninsignificantosmoticpressuretheprocessis termedasultrafiltration.
Someapplicationsof reverseosmosisandultrafiltrationare: separationof proteins,
treatmentofspecialprocesseffiuentsin thechemical,food,textileandpaperindustries,
seaandbrackishwaterdesalinationand concentrationof emulsionsand enzyme
solutions.
Microfiltrationisa separationprocessin whichveryfinecolloidalparticlesin the
micrometerandsubmicrometerangecan be removedfrom liquids and gasesbut
hydrodynamicsofthefeedflow is verydifferentfrom"dead-endfiltration"and"cross-
flow filtration".Separationof emulsions,pre-treatmentfor reverse-osmosis,and
concentratingand/orwashingof variouscolloidalsuspensionsarethemainapplication
areasofmicrofiltration.
In dialysisthefluxof dissolvedlowermolecularmasscomponentsthroughthe
membraneasa resultof a differencein trans-membraneconcentrationoccurs [10].
Dialysisis generallyappliedwith osmosisin normal operation,thus reducesthe
concentrationof theinitialsolution.Usually,NaOH recovery,removalof alcoholfrom
beerandespeciallythetreatmentof patientswith chronickidneydiseasearethemain
applicationareasofdialysis.
Electrodialysisutilizeion-selectivemembranesandanelectricfieldorthogonalto
themembranes.Theanionsin the solutionin the inter-membranecompartmentspass
throughtheanion-exchangem mbraneunderthe influenceof theelectricfieldandthe
cationsthroughthecation-exchangem mbrane.Electrodialysisi particularlyeconomical
for desalinationf brackishwater,preliminaryconcentrationof sea water for salt
recovery,anddemineralisationofwhey.
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Pervaporationis a membraneprocessin which a phasechangeoccursduring
materialtransport.Thedrivingforceis thereductionin activityon thepermeateside.
Thisisingeneralrealizedby applyinga vacuumat thepermeateside.Pervaporationis
moreexpensivewithrespecto otherprocesses.Consequently,pervaporationis limited
tocaseswheretraditionalmethodsareverycostly,e.g.separationof isomersor mixtures
withanazeotropicpoint.
Gasmixturescan be separatedwith porous and with 'dense' membranes.
Materialtransportthroughthe membraneis realisedin gas permeationby a trans-
membranepressuredifferenceof upto 70bar.Gasseparationmembranesandpolymeric
materialsfor gas separationwill be describedin detail in the next two chapters.
13
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Table 1.The most important membrane separation processes [10].
Membrane Process SeparationPotential for Driving force realisedbyPreferably permeatingcomponent
ReverseOsmosis
Aqueouslow molecula masssoluti nsP e surediff rence« 100bar)Solv nt
Aqueousorganicsolutions
Ultrafiltration
Macr m lecularsol ti ns,emu sions bar)
Microfiltration
uspen i n,e uls ons i 5 bar)Continuou hase
Gaspermeation
G mixtures,waterv pour-gasmixtur s 8r f r l per atingcompone t
P rvaporation
Org n cmixt r ,aque s org nicm xturesermeat side:ratio f parti l
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Table 2. Membrane separation processes [11].
Separationprocess
Microfiltration
Ultrafiltration
Reverseosmosis
Dialysis
Electrodialysis
Gasseparation
Membrane type Driving forceMethod of separation
Symmetricmicroporous
Hydrost ti pressureSi vingmechanismdu to
membrane0.1to 10~m
diff re ceO.1to 1barporeradiusandabs rpti n
poreradius
Asymmetricmicroporous
e brane1to 10nm
0.5 5
poreradius
Hydrosta icpressure
a ilution-diffusion
20to 100bar
20 to 100 barm ch ism
i i
Conc trationD ff sion in c vecti
. t n
g adie tfreelayer
Cation- ndanion-exchange
El tricalpotentialEl ct icalcha eof par cle
s
andsize
Ho ogeneousor r
lub lity,diffusi n
lymer
conce trationgradi nt Range of application
Sterilefiltrationclarification
Separationof macromolecular
solutions
Separationof saltandmicrosolutes
fromsolutions
Separationof saltandmicrosolutes
frommacromolecularsolutions
Desaltingof ionic solutions
Separationof gasmixtures
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ChapterIII
GAS SEPARATION MEMBRANES
Oneofthemostexcitingandsignificantunitoperationsappliedin recentyearsis
themembranebasedseparationof gaseousmixtures.Althoughit is a newtechnology,it
hasfoundacceptancein a rangeof industrial,medical,andlaboratoryapplications.A
gasseparationmembranes paratesgaseous peciesandis verydifferentfromfiltration
ofgaseousmixtures.In agasseparationprocessthecomponentsto beseparatedaregas
moleculeswhereasin gaseousfiltrationthey are gas moleculesand solid particles.
Typicalgasseparationapplicationsincludeair separation(02 and N2 enrichment),
recoveryofhelium,dehumidification,removalof impuritiesfromnaturalgas,hydrogen
recoveryfromrefineryandpetrochemicalstreams,andrecoveryof carbondioxide.
Gasmembranesfunctionin environmentsquiteunlikethoseof otherapplications,
uchaspressuresofupto 2000psiandtemperaturesof up to 200 DC maybeneeded.
Theseharshconditionsdelayedthe commercialdevelopmentof gas separation
membranes.Thenatureof gasseparationalsodemandsthatmembranesbeasdefectfree
aspossiblebecausesmallpinholesaffecttheseparationfar morethantheydo in other
membraneprocesses.Theearliersystemsofferedby somecompanieswerenotwidely
acceptedbutwhenMonsantointroducedits Prism systemin 1979,gas separation
membranesr allybecamecommerciallyattractive.
Membranet chnologywasusedin industryfor manyyears.Developmentsin this
arealedtoemergemembranessuitablefor industrialgasseparations.Membranegas
parationcancompetewithcryogenicdistillation,adsorptionandabsorptionprocesses
ch aspressureswingadsorption.Membranescan also competewith the on-site
productionfgasesuchasoxygenandnitrogen.
Themostimportantadvantageof gas membranesis the simplicityof their
in tallationandoperation.Rotatingpartsor circulatingliquidsare not involved,so
pervionandmaintenancecostsareata minimum.In manyapplications,membranes
havelowercapitalcosts.They are generallycompact which is important in
tranportation.Membraneprocessesareflexibleand additionalcapacityis easilyadded
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to anexistingplant.Theyareenvironmentalfriendlybecausethey containno toxic
liquids.
Theyieldof a membraneseparationsystemis proportionalto the pressure
differenceandthe surfaceareabut inverselyproportionalto the thickness.The
eparationfagasmixturethatcanbeachievedis a functionof theselectivitycoefficient
andthepressureratiothroughthemembrane.Up to 1980's,all membranesfor gas
parationswerepolymericandthethinnestpracticalmembraneswere in 50-10011m
thick. Membranepackagesconsistedof a stackof flat sheets.The investmentfor a
eparationprocessbasedonthiskindof membranecostsmanytimesthatfora cryogenic
plant.In thechoiceof a moreselectivebut lesspermeablemembrane,theyieldwill be
Ie buttheinvestmentcostwillbeevenhigher.
Selectedoxygenpermeabilitiesandoxygen/nitrogenselectivitycoefficientsare
giveninTable3.Permeabilitiesarequitelow whenthe selectivitiesareat acceptable
levels.
It isconcludedin a numberof studiesthatpracticalgasseparationscannot be
performedwithconventionalmembranesin a conventionalpackage.Stagingthe
proceestoachievehigherseparationevermakessensebecausethatboththeenergy
andmembranear arequiredincreasenormouslyasstagesareadded.
In orderto overcomethepermeability-selectivityl mitationnewapproachesare
needed.Sincemembranet chnology,especiallyin gas separationapplications,has a
greatpotentialndattraction,bothscientificandappliedresearcheshavebeenincreasing
rapidly.Thin-filmdevelopingtechniques,phaseinversionmethod,coatingtechnology
andnewpackagingtechniqueshaveenabledscientistand engineersto producehigh
lective-highpermeablemembranesfor specificapplications.Todaymostof thestudies
nga separationmembranesarefocusedonproducingcompositestructurescontaining
a highlyselectiveskinlayerandoneor moreporousmechanicallystrongandhighly
permeableubstructures.Theactiveskinlayeris generallymadeup of a highlyselective
polymericmaterialwhilethe substructuremay be composedof anotherpolymeric
materialoraninorganicporousmaterialsuchasalumina,silicaetc.
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able3, Selectedoxygenpermeabilitiesandoxygen/nitrogenselectivitycoefficients[12].
Polymer OxygenPermeabilityOxygenlNitrogen
(cc(STP).cmlsec.cm2.cmHg...1.p)x 109
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ChapterIV
POLYMERS
Polymersaredefinedas largemoleculesbuilt up by the repetitionof small,
implechemicalunits.This repetition may be linear or branchedto form three-
dimensionalnetworks.Polymerscan exhibittwo differentstates;rubberyand glassy
tates,dependingonthetemperature.
Polymerssuchasnaturalrubber,siliconrubberandsiloxanesarein rubberystate
atroomtemperature,i. .,theirglasstransitiontemperatureTg is too low. They show
rubberlike propertiesand membranesmadeup of rubberypolymersshow high
selectivitiesandlow permeabilities.At sufficientlylow temperatures,all amorphous
polymershowsthe characteristicsof glassesincludinghardness,stiffness,and
brittleness.Glassypolymershavelow volumecoefficientof expansion,a propertywhich
i associatedwiththeglassystate.This low coefficientoccursasa resultof a changein
the lopeofthecurveofvolumeversustemperatureatthepointcalledglass-transition
temperatllre,Tg. Polymersuchaspolysulfones,polyamides,polyacetatesarein glassy
ateatroomtemperaturesothemembranesmadeup of thesematerialshaveglasslike
propertiesandhavelowpermeabilitiesbuthighselectivities.
•1Polysulfones
All commercialpolysulfonesarelinearandalthoughmostof themhaveregular
rueturestheyareallamorphous.Thehighin-chainaromaticityleadsto a highTg value
of 1900c. Polysulphonesareexcellentcandidatesfor membranebasedgasseparation
andpervaporationapplicationsbecauseof theirchemicalandphysicalproperties.A list
of phyicalandchemicalpropertiesof polysulfoneis givenin Table4. Theyhavebeen
'delyusedcommerciallyandthefirstcommercialmembranewas againpolysulphone.
hemicalstructureofpolysulfonecanbeshownas
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Polysulfonesareunableto crystallisein spiteof theirregularstructure.It maybe
expectedthathestiffchainwithitshighTg andTm wouldonlycrystallisewithdifficulty
butinitselfthiswouldnotbeexpectedto inhibitit completely.One suggestionis that
whereastheetherlinkhasabondangleof 1200 the C-S-C bondangleis 105degrees
andthatitisdifficulto fitthesebondanglesintoa crystalattice.Althoughthestructure
i polar,muchof thepolarityis frozen-inat normalservicetemperatures.In such
conditionselectricalinsulationpropertiesarequitegood evenat highfrequencies.In
additiontotheheatdeformationresistance,polysulfonesarealsoresistanto chemical
changeonheating.Thishasbeenexplainedbythehighdegreeof resonancewhichgives
anenhancedbondstrength.Thereforeit canstandthermalandionizingradiationwithout
cross-linking.Sincethesulphuris in its highestoxidationstateelectronsareawayfrom
thebenzeneringsso that the structuredoes not oxidize easily. The commercial
polyulphonesaregenerallyresistantto aqueousacidsandalkalisalthoughtheycannot
standto concentratedsulphuricacid.It is notdissolvedby aliphatichydrocarbonsbut
theyaresolubleinsolventsincludedimethylformamideanddimethlyacetamidesincethey
haehighpolarity.
Theprimaryfeaturesof the commercialpolysulphonesare their exceptional
r: istancetocreep,goodhightemperatureresistance,rigidity,transparencyand self-
inguishingcharacteristics.Although these characteristicsare also seen in
polcarbonates,polysulphonesaremoreheatresistantandhavegreaterresistanceto
cr pwhilethepolycarbonateshaveahighertensileimpactstrengthaswellasbeingless
penive.Polysuiphonesaretough. Therearesmalldifferencesamongthemaintypes
f polysulphones.For examplethepolyethersulphoneshavebettercreepresistanceat
ghtemperatures,e.g.150°c, significantlyhigherheatdistortiontemperaturesand
periorroomtemperaturemechanicalproperties.Highermolecularweightgradesshow
erresistancetostresscracking,havebetterlongtermstrengthunderloadandbetter
able4.Propertiesof polysulfone.
Property Value
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.2Polymersfor Gas Separation
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verysubstantialamountof dataon the solution, diffusion, and permeationof
gase andvapoursin rubberyandglassypolymers is available.The relationships
eenthechemicalstructuresof polymersand their gas permeabilityand selectivity
nottotallyunderstood.As a result,new polymerstructuresaimedat increasinggas
'vityor permeabilitywere synthesisedlargely basedon experienceand trial-and-
approach.A commonview of structure/permeabilityrelationshipsof polymers is
in igure6.
Gasmixturescanbe separatedby the selectivepermeationof their components
throughmembranesor thinbarriersof variouscompositionsand structures.Graham[13]
i thefirstscientistwho demonstratedthis process by showingthat air canbe enriched
in O2 by permeationthroughnonporouspolymer membranes(natural rubber films).
Graham'studieson gas"effusion"through orifices showed that gas mixturescan be
partiallyseparatedalso by permeationthrough microporous membranesby virtue of
differencesin the molecularweights of these gases (Graham's law). Both of these
discoverieresulted,well over a century later, in a substantialnumber of important
applications.
The first large-scaleuse of membranesto separategases was in the "gas
diffuion"processfor theseparationof uraniumisotopesin theManhattanProject during
orld War11 This processwas first developedin the U.S. in the 1940s and used
microporousmembranes.The separation of gas mixtures became economically
mpetitiveonly in the late 1970s.This was made possible by the developmentof
uymmetric"and"composite"polymermembranesfor water desalinationby Loeb and
'rajan in the 1960sand by other scientists[14]. The first large-scalemembrane
ationplantbasedonpolymermembraneswas installedby Monsanto Co. in 1977for
-,
Selectivity
i ure6.Structure-permeabilityrelationof polymers.
erallyitispossibletocommentthat,
(I) As thegaspermeabilityof a polymerdecreases,its selectivitygenerally
increases.Thisis thewell-known"inverse"permeability/selectivitybehaviour
whichisooftenmentionedinthemembraneliterature.
(2)Thepolymersthatexhibita highpermeabilityanda low selectivityarein the
"rubbery"stateatambienttemperature,i.e. theirglasstransitiontemperature
T. is lowerthantheambientemperature.In contrast,the polymerwith a
lowerpermeabilitybuta highselectivityis in the"glassy"state,i.e., its glass
transitiontemperatureTg isaboveambientemperature.
iliconepolymersespeciallypolydimethylsiloxane,PDMS, have received
derableattentionas membranematerialsfor gasseparationbecauseof theirhigh
permlbiilitieto gasesandvapours.In 1957it hasbeenfound that siliconerubber
_wedmuchhighergaspermeabilityhanall othersyntheticpolymersknownat that
Th highpermeabilityof PDMS, [-(CH3)z-SiO-lx, hasbeen attributedto the
olume,whichmayduetotheflexibilityof thesiloxane(-SiO-) linkagesof this
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polymer.Althoughthegasselectivityof PDMS is very low, manyinvestigatorshave
examinedthepotentialusefulnessofPDMS asa membranematerialfor airseparation,in
particularfor theoxygenenrichmentof air. The economicsof membraneprocesses
'elding~30mol%O2 for combustionor medicalapplicationshavebeendiscussed
recentlyinsomedetail.
Therearewell-knownstudiesonsolution,diffusion,andpermeationof gasesand
vapoursinPDMS.Butthestructure/permeabilityrelationof rubberypolymersis being
'nedforafewyears.Recentresearchis focusedonfindingmembranematerialsthat
'bithighergasselectivityhanPDMS aswell as a highgaspermeability.Almostall
portantmembranes parationprocessesavailablein industryusemembranesmadeup
glassypolymersbecauseoftheirhighgasselectivitiesandgoodmechanicalproperties.
intrinsicgaspermeabilityof glassypolymersis muchlower thanthatof rubbery
lymerswithfewexceptions.But the developmentof compositeand asymmetric
branesfromglassypolymershaveeliminatedthis problem.Glassypolymersare
cbaJractleriZedby a low intrasegmentalmobilityand long relaxationtimes,whereas
natlbelvpolymersexhibitheoppositecharacteristics.Moreover,the morphologyof
polymersi viewedas inhomogeneouswith respectto the transportof small
t molecules,evenif thepolymersarecompletelyamorphous.For thesereasons,
leculart ansportmechanismsin glassypolymersareverydifferentfromthosein
polymers.Thus,thesolubilityof gaseswith low criticaltemperatures(e.g.,H2,
CO2) isverylowinrubberypolymers,usuallywithintheHenry'slawlimit
r aboveambientemperature.As a result, the gas solubility,diffusion,and
ilitycoefficientsarethenarecommonlyindependentof the gas pressureor
'on,providedthatthepolymersarenot significantlyplasticized(swelled)by
t gases.By contrast,thesolubility,diffusion,andpermeabilitycoefficients
inunplasticizedglassypolymersarestrongfunctionsof thepenetrantgas
orconcentrationinthepolymers.Theabovedifferencesin thegassolubilityand
haviourof rubberyandglassypolymersaredueto the fact thatthe latter
ar notcommonlyinastateoftruethermodynamicequilibrium.As aresult,the
permeabilityrelationshipsof rubberypolymersarequitedifferentfromthoseof
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ChapterV
TRANSPORTMECHANISMS OF GASES IN POLYMERIC
MEMBRANES
.1Flu esandDrivingForcesinMembraneSeparationProcesses
Separationin membraneprocessesis the resultof differencesin the transport
ratesofchemicalomponentsthroughthemembrane.Thetransportrateis determinedby
oneormoredrivingforcesactingoncomponentsandtheirmobilityandconcentrationin
themembrane.Themobilityand concentrationof the componentin the membrane
determinethefluxthatis producedby the drivingforce. The mobilityis primarily
d erminedbythecomponent'smolecularsizeandphysicalstructureof themembrane
material,whiletheconcentrationof the componentin the interphaseis primarily
erminedbychemicalcompatibilityof thecomponentandthemembranematerial.
In membranes parationprocessesthereare three maintransporttypesof
mponentsthroughthemembrane.The simplestformsis called"passivetransport".
themembraneactsas a physicalbarrier throughwhich all componentsare
rtedunderthedrivingforce of a gradientin their electro-chemicalpotential.
'entintheelectro-chemicalpotentialof a componentin themembranephasemay
causedbythedifferencesin pressure,concentration,temperatureor electrical
potem'iaJbetweenthetwobulkphases.In the"facilitatedtransport",thedrivingforceof
transportf hecomponentsisagainthegradientin theirelectro-chemicalpotentialin
membrane.Butthedifferentcomponentsare coupledto a specificcarrierin the
. Facilitatedtransportisjust a specialformof thepassivetransport,whichis
lective.However,in the "active transport"various componentsmay be
rtedagainstthegradientof theirelectro-chemicalpotential.Thedrivingforcefor
portisprovidedbyachemicalreactionwithinthemembrane.Activetransportis
seeninthemembranesof livingcells.
Thetransportprocessitselfis a nonequilibriumprocessand is conventionally
ibedbyaequationthatrelatestheflowsto thecorrespondingdrivingforcesin the
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nnofproportionalities.Fick'slaw,for example,describestherelationbetweenflow of
tteranda concentrationgradient.Ohm's law describesthe relationbetweenan
ectricalcurrentandanelectricalpotentialgradient,whileFourier'slaw describesthe
relationbetweenheatransportandatemperaturegradient.
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Driving force
Concentrationgradient
Electricalpotentialgradient
Temperaturegradient
Flux
Mass
Electricity
Heat
•Basictransportequations.
or membranes parationprocesses,only drivingforces that can lead to a
cantfluxof massare important.Thesedrivingforcesarehydrostaticpressure,
tion,andelectricalpotentialdifferences.
a) hydrostaticpressuredifferencebetweentwo phasesseparatedby a
membranecanleadto a volumefluxandto a separationof chemicalspecies
henthehydrodynamicpermeabilityof themembraneis differentfor different
components.
b) concentrationdifferencebetweentwo phasesareseparatedby a membrane
canleadto a transportof matterandto a separationof variouschemical
pecieswhenthediffusivityandtheconcentrationof variouschemicalspecies
inthemembranearedifferentfordifferentcomponents.
differencein theelectricalpotentialbetweentwo phasesseparatedby a
membranecanleadto a transportof matterandto a separationof various
hemicalspecieswhenthedifferentchargedparticleshowdifferentmobilities
mthemembrane.
.2TransportModels
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Theoveralldrivingforce for the transportof a chemicalcomponentthrough a
membraneisthegradientin its chemicalpotential.A net massflux trough the membrane
maynotbeobtainedevenin thepresenceof oneor more othergradients.
Althoughmembraneapplicationhas its roots up to 1800's, the principle of
tranportof gasesin polymershasnot beentotally understood.Nowadays much of the
researchin polymerscienceandmembranesciencehavebeenfocused on the transport
mechanismsof moleculesin polymeric structure as well as the developmentof new
promisingmembranematerials.
Generallymodelsdescribingthetransportof gasmoleculesin polymericsystems
aredividedinto threemaingroups: molecular,microscopic and macroscopicmodels.
olecularmodelsattempto analysespecificmotions of penetrantsand polymerchains.
modelsare basedon intermolecularforces and require one or more adjustable
parameter.thereforecalculationsbasedon molecularmodelsand simulationof transport
polymerstakevery long computertimes. Recent developmentsin computer
morerealisticmodelsareavailable.Microscopic modelsarederivedfrom free-
statistical-mechanical,energy,structureor other considerations,microscopic
provideexpressionsfor gasdiffusioncoefficientsor permeabilitycoefficientsor
Generallytheyarebasedon "free-volume"conceptin polymersbut dueto swelling
polymercrystallinityhavecomplications.A well-known microscopicmodel is "dual-
" sorptionmodel.But almost all microscopic model have some disadvantages
beClwse tranport mechanismsin glassy and rubbery polymers are very different.
Mlcroscolpicmodelsarebasedon thatgaspermeationis a complex processcontrolled
diffu ionof penetrantgasmoleculesin the membranematrix. It assumethat the
Ivedin themembraneandthe gas in contact with the interfacesestablishan
attheseinterfaces.The permeationof gasmoleculesin nonporouspolymeric
will beexplainedwith respectto well-known "solution-diffusion" mechanism
anotherfamousmechanismcalled"pore flow" model.
5.3TheSolution-DiffusionModel
The excellentreVIew of Wijmans and Basier [15] is a good source for
understandingthe solution-diffusionmodel. Separationof speciesin a membranebased
processesi achievedby the membrane'sability to control the permeationratesof the
differentspecies.Two modelsareused to describethis permeationprocess.The first is
thesolution-diffusionmodel,in which permeantsdissolvein the membranematerialand
thendiffusethroughthe membranedown a concentrationgradient. A separationis
achievedbetweendifferentpermeantsbecauseof differencesin the amountof material
thatdissolvesin the membraneand the rate at which the materialdiffuses through the
membrane.
Thesecondis pore-flow model, in which permeantsare separatedby pressure-
drivenconvectiveflow throughtiny pores. A separationis achievedbetweendifferent
permeantsbecauseone of the permeantsis filtered from some of the pores in the
membranethroughwhich other permeantsmove. Both models were proposed in the
19.thcentury,butthepore-flowmodelwas more popularuntil the mid-1940s.However,
duringthe1940s,the solution-diffusionmodel was used to explain transport of gases
throughpolymericfilms.Todaysolution-diffusionmodel is widely acceptedbut therestill
areafewdie-hardpore-flowmodelersuse this models to explain reverseosmosis.By
usingsolution-diffusionmodel,transportequationscan be derived for dialysis, reverse
osmosis,gaspermeation,andpervaporation.
Overalldrivingforcethatproducesa net flux of permeantsis the gradientin their
chemicalpotentialand the other driving forces of pressure, temperature and
ectromotiveforcesareinterrelated.
ThusthefluxisJi of a component,i,
(1)
ed~dxisthegradientinchemicalpotentialof componenti andLj is a coefficientof
portionalitylinkingthechemicalpotentialdriving force with flux. All the common
forces,like concentration,pressure,temperature,and electromotivegradients,
reducedto chemicalpotentialgradients.And their effecton flux expressedby this
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uation.Thisis veryuseful,becausemembraneprocessesmayincludemorethanone
drivingforces generatedby concentrationand
regradientsexist,thechemicalpotentialcanbewrittenas
(2)
Ci i themolarconcentration(mol/mol)of componenti, Yi istheactivitycoefficient
concentrationwithactivity,p is thepressure,andVi is the molarvolumeof
Inincompressiblephases,suchasa liquidor a solidmembrane,volumedoesnot
e withpressure.Integratingaboveequationwith respectto concentrationand
(3)
J.1i0 i thechemicalpotentialofpurei atareferencepressurept
Incompressiblegases,themolarvolumechangeswithpressure;usingtheideal
inintegratingthesame quationgives
(4)
e thatthereferencechemicalpotentiallliO is identicalin thosetwo
referencepressurePia is definedasthesaturationvaporpressureof i, Pia.
(5)
·bleliquidsandthemembranephaseand
(6)
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All modelsdescribingpermeationhave someassumptions.Usually,the first
asumptionis thatthefluidson bothsideof themembranearein equilibriumwith the
membranematerialat theinterfaceso thereis a continuousgradientin chemical
potentialtromonesideof themembraneto the other.This meansthatthe ratesof
absorptiona ddesorptionatthemembraneinterfacearemuchhigherthantherateof
diffuionthroughthemembrane.Thisappearsto bevalidin allmembraneprocesses,but
mayfailif thereisachemicalreactionlikein facilitatedtransport.
Thesolution-diffusionandpore-flowmodelsare differentIII one point: the
chemicalpotentialgradientinthemembrane,
• thesolution-diffusionmodelassumesthatthepressurewithina membraneis
uniformandthechemicalpotentialgradientacrossthemembraneis expressed
onlyasaconcentrationgradient.
• thepore-flowmodelassumesthatthe concentrationsof solventand solute
withinamembraneareuniformand thechemicalpotentialgradientacrossthe
membraneisexpressedonlyasapressuregradient.
Thesetwoassumptionsareillustratedin Figure 6 andFigure 7 which shows
re-drivenpermeationof a componentby solution-diffusionandby pore-flow.In
thmodels,thedifferencesinpressureacrossthemembrane(PO-PI) producesagradient
'calpotential.In thepore-flowmodel,thepressuredifferenceproducesa smooth
'entin pressurethroughthe membrane,but the solventactivity(YiCi) remains
COIIIStalIltwithinthemembrane.However,the solution-diffusionmodelassumesthat,
apresureisappliedacrossadensemembrane,thepressure verywherewithinthe
_nbnlDlei constantatthehigh-pressurevalue.This assumes,in effect,thatsolution-
onmembranestransmitpressurein thesameway as liquids.Consequently,the
differenceacrossthemembranesis expressedasa concentrationgradientwithin
mernbnlDle.
Hi&hpressure
solation
C1ulmicalpotential
PrtSIIIre
meat activity
Membrane Low pressure
solution
igure 7. Schematicrepresantationf pore-flowmodel[15].
Membrane Low pressure
solution
8. chematicrepresantationf solution-diffusionmodel[15].
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Skippingsomemathematicalexpressionsand thermodynamiccalculations,the
fluxcanbeexpressedas,
(7)
TheproductD; .KG;oftenis abbreviatedto apermeabilitycoefficient,pGj , thus,
(19)iswidelyusedto determinethepropertiesof gaspermeationmembranes.The
permeabilitycoefficientpGj canbewrittenas
(8)
IYjyl(m) Pi sal (9)
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9)i notacommonlyusedexpressionfor gasphasemembranepermeability,but it
thatlargepermeabilitycoefficientsare obtainedfor compoundswith a large
oncoefficient(D;),a limitedaffinityfor thegasphase(highYi),a highaffinityfor
branematerial(smallYi(m»), anda low saturationvapourpressure(Pj,sat). pGiis
tobeingamaterialconstant,relativelyindependentof thecompositionandpressure
andpermeategasesbecausegas-phaseactivitycoefficients,yii areusually
ounity.Thisisinsharpcontrasto thepermeabilityconstantfor liquidsbuteven
theconceptof permeabilityas a materialconstantmustbe treatedwith
ore ample,thepermeabilityof vapoursatpartialpressurescloseto saturation
incr'euessubstantiallywithincreasingpartialpressure.This effectis commonly
toplasticisationandothereffectsof thepermeantonthemembranechangingDj
mEq (9).However,significantdeviationsfromidealityof thevapour'sactivity
canalsooccurathighpartialpressures.
(9)i alsoa usefulwayof rationalisingtheeffectof molecularweighton
Thepermeant'ssaturationvapourpressurePi,satanddiffusioncoefficient
decfealsewithincreasingmolecularweight creatingcompetingeffectson the
coefficient.In glassypolymers,the decreasein diffusioncoefficientfar
othereffects,and permeabilitiesfall significantlyas molecularweight
merea . In rubberypolymers,ontheotherhand,thetwoeffectsaremorebalanced.For
molecular weightsupto 100,permeabilitygenerallyincreaseswith increasingmolecular
eightbecausepi,satis thedominantterm.Abovemolecularweight100,themolecular
'ght tenn graduallybecomesdominant,and permeabilitiesfall with increasing
lecularweightofthepermeant.GenerallythemolecularweightincreasesfromCl!J to
12 the effectofthedecreasein pi,satis largerthantheeffectof increasingsizeor Di.
pentane,however,thetrendis reversed.
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ChapterVI
POLYMERIC MEMBRANE PREPARATION METHODS
Amonga numberof polymericmembranepreparationtechniques,fiveof them
mostlyusedfor thepreparationof polymericgas separationmembranes.These
que arephaseinversion,melt casting,direct polymerization,coating and
Slon.
)Precipitationfromthevapourphase.Membraneformationis accomplishedby
thepenetrationfaprecipitantfor thepolymerintothesolutionfilmfromthe
apourphasesaturatedwith the solventused. A porous membraneis
producedwithouta skinandwith uniformdistributionof poresover the
membranethickness.Thisisoneoftheoldestphaseinversiontechniques.
) Pr ipitationbycontrolledevaporation.Thepolymeris dissolvedina mixture
ofagoodandapoorsolvent,ofwhichthegoodsolventis morevolatile.The----._ ....~-
1'~I'1CJ \ • - • T - . -. '---jLr",\ 11. . " " • ,';,
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Thepolymerismeltedandcastona suitablesubstrateandfurthercooledin melt
, gtechniques.Membranesof polymersthatdecomposewithoutmeltingcannotbe
edbythistechnique.Phaseinversiontechniquecanbeusedfor thesepolymersand
arebaicallysolutioncastingtechniques.Melt castingand phaseinversion
'qu differconsiderablyinboththeoryandpractice.In phaseinversion,polymers
Ivedin suitablesolventsandthesesolutionsare caston substrates.Phase
iDvnolntechniquesreplacedthemeltcastingtechniquesandcommercialmembranes
_ndaysarepreparedmostlybyphaseinversiontechniques.
Polymericmembraneswhichexhibithighpermeabilitiesandselectivitiescanbe
byphaseinversionmethod.In thismethodpolymeris dissolvedin a solvent
maybepuresolventor a mixtureof solventsand nonsolvents.Generallythis
i castona support,i.e., a glassor metalplate and then the polymeris
ed,andaflatortubularmembraneis obtained.Four differentechniquescanbe
inphaseinversionprocesses[16].
Itmnthe phaseinversionprocess four different techniquescan be
polymerprecipitateswhenthe solventmixtureshiftsin compositionduring
evaporationtoahighernonsolventcontent.A skinnedmembranecanthusbe
obtained.
(c)Immersionprecipitation.Thistechnique,whichwasfirstusedsuccessfullyfor
thepreparationof a reverseosmosismembrane,has been studiedand
exploitedmostlyfor theproductionof skinnedmembranes.Thecharacteristic
featureis theimmersionof thecastpolymerfilm in a nonsolventbath.The
polymerprecipitatesa ymmetrica resultof the solventloss andnonsolvent
penetration.
(d)Thermalprecipitation.A solutionof thepolymerin a mixedsolventis on the
vergeof precipitation,is broughtto separationby a cooling step.When
evaporationf thesolventhasnotbeenpreventedthemembranecanhavea
skin.
characteristicfeaturesofphaseinversiontechniquesare:
(i)A ternarysystem.Theprocessinvolvesat leaston a polymercomponent,a
solventandanonsolvent.Thelattertwo mustbemiscible.
(ii)Masstransfer.Thepolymersolutionis subjectto a transferof solventand
nonsolventin sucha way that the nonsolventconcentrationin the film
increases.Masstransferstartsat theinterfacebetweenthepolymerfilm and
thecoagulationmedium(vapouror liquid).Thechangesin compositionin the
filmaregovernedby diffusion.No masstransfertakes place in thermal
precipitationwithoutevaporation.
(ill)Precipitation.As a resultof the Increaseof the nonsolventcontentthe
polymersolutionbecomesthermodynamicallyunstableand phaseseparation
willoccur.Soanimportantaspectof thephaseinversionprocessis associated
withthedemixingphenomenapossiblein ternarysystems.Thesephenomena
includenotonlythephaseequilibriabutalsothekineticsof phaseseparation,
theformationofmembranesis adynamicprocess.
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Precipitationby controlledevaporationcan be furtheraccomplishedin two
differentways:ternaryandbinaryphaseinversionmethods.In ternaryphaseinversion
thepolymeris dissolvedin a mixtureof good and poor solventas statedearlier.
Precipitationsaccomplishedbytheremovalof thegoodsolventwherethepoorsolvent
replacesthegoodsolventinthemembranestructureandfurtherremovedbydrying.This
maycausetheformationof anopenstructure.In binaryphaseinversionthepolymeris
di olvedina goodsolvent.Precipitationandformationof thepolymericmembraneis
accomplishedbytheremovalof thesolvent.The membranesmaybe denserthanthe
ternaryphaseinversionmembraneswith smallerpore sizes.Both techniquesyield
kinnedmembraneswithporoussubstructures.Sincephaseinversionmethodsenable
moreoptionsandfreedomduringthe preparationof membranesand is applicablein
laboratoryconditions,thismethodisusuallythechoiceof membranepreparation.
Anotherapproachto producepolymericmembranesi thedirectpolymerization
ofthemembraneontoasubstrate.Thepolymerfilmproducedonthesubstratecanthen
removedforuseor lefton thesubstrateto form a layeredcompositemembrane.
techniquesnecessitatespecificreactorsand the developmentof new control
Polymericmembranescanalsobeproducedbycoatingsubstratewithapolymeric
whichwillbecometheactualmembrane.Substratesandthe polymericfilms are
ucedseparatelyin this technique.Coatedmembranesare usually referredas
consistof more then one material(polymerand
havebeenmostlyused in researchlaboratoriesfor the
ion of filledand unfilledpolymericmembranesbut have no commercial
cationsInallextrusiontechniques,polymersareusuallyheatedunderhighpressure
cedtoflowthroughaslit.Thehomogeneousdistributionof thefillerparticlesare
inpolymer-fillercompositemembraneextrusion.
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ChapterVII
SECONDPHASES
I POLYMER-COMPOSITE MEMBRANES
uchoftheresearchonmembranescienceandtechnologyhavebeenfocusedon
developmentof newmembranepreparationtechniquesandmaterialsthatwill break
upperbondlimitationdescribedin the previoussections.Although there are
miingpolymersynthesisedrecentlywith high permeabilitiesand selectivities,an
ernativewayto increasethe membranepermeabilityand selectivityinvolvesthe
uetionof secondphasesintothemembranematrix.Thesematerialsaregenerally
roo withpolarmoleculesbutnonporousmaterialscanalsobe used.Carbonfillers,
lecularievesandothernonporousmaterialsaremostlyintroducedassecondphases
polymericmembranesforthispurpose.
etivecarbonsusedas carbonfillersaregenerallyconsideredas hydrophobic
Thesurfacepropertiesofthecarbonaceousadsorbentplaya majorrole in the
'onprocesses.Activecarbonsarealwaysassociatedwithappreciableamountsof
Thecompetitiveadsorptionof polarmoleculesis greatlyinfluencedby the
ofsurfaceoxygengroupsandtheremovalof oxygenis veryimportant.Active
showa selectivesorptionfor the aromaticcompoundsin a mixturewith
iallyin thelow concentrationrangefor the aromaticcomponent.The
I higherifthecarbonaceousadsorbentis totallyoutgassed.
as fillers in
membranes.Additionof thesematerialsmayincreasethepermeabilityof the
, cetheyincreasethefreevolumein thematrix,, butthismayalsocausea
lar ievesusedinpolymericmembranesassecondphasesconsistof two
oup Carbonmolecularsievesareproducedbythermaldecompositionin a
"calandthermalenvironmentof nonmeltingpolymericmaterialsor by
"mzati'on of coal.ThemaindifferencebetweenCMS andactivecarbonis that
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poreizedistributionis muchnarrowerandthemeanporesizeis in therangeof
moleculardimensions(5-7A).
Zeolitesarecrystallinehydratedaluminosilicatesof group1andgroup2 elements
chassodium,potassium,magnesium,calcium,strontium,andbarium.Zeolitesare
work' aluminosilicateswhich are based on an infinitely extendingthree-
'onalnetworkof Al04 andSi04 tetrahedralinkedto eachotherby sharingof all
sen [17].Zeolitesmayberepresentedbytheempiricalformula
In thisoxideformula,x is generallyequalto or greaterthan 2 sinceAl04
a arejoinedonlyto Si04 tetrahedra,n is the cationvalence.The framework
channelsandinterconnectedvoidswhichare occupiedby cationsandwater
.Theinterconnectedmicrocrystallinevoidsandchannelsareresponsiblefor the
ific propertiesof zeolites.The aperturesize is typicallyin the rangeof
dimensions,i.e.3 to 10 A. Thealuminumatomis trivalentandthereforean
ofnegativechargeis introducedin thenetworkwhenSi is replacedby AI in the
Thi chargeis compensatedby non-frameworkcationslocatednear the
charges;themostcommononesbeingNa+,K+andCa++.Thenumberof cations
erminedbythenumberof aluminumatomsin theframework.Becauseof the
ofcations,thesezeolitesarepolaradsorbents.This meansthatmoleculesuch
ammonia(strongdipoles),carbondioxide,nitrogen(quadrupolar)andaromatic
(x layerinteraction)areadsorbedmorestronglythannonpolarspeciesof
molecularweight.Zeoliteswith a high SilAI ratio are hydrophobicand
mainlygovernedbyVanderWaalsforces.
orefourmainfactorsinfluencethepropertiesof azeolite:
izewhichactsontheabilityof a moleculeto enteranddiffusethrough
liteframework
ratiowhichdeterminesthenumberof cationsandthusthehydrophilicity
zeoliteframework
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3 Typeofcation(valenceandsizes).
4.Directionofthepores(1,2, or 3D porousnetwork).
Someapplicationsof zeolites in the separationof gaseousmixturesare
dehydrationf industrialgasesusing hydrophiliczeolites,the separationof air by
preferentialequilibriumsorptionof nitrogenandtheremovalofH2S fromsourgas.
Zeoliteslistedin Table5 arehydrophilicandaluminumrich zeolites.A patent
asfiledfor thesynthesisof zeoliteZSM-5 in1972.This zeolitepresenteda major
breakthroughsinceit wasthe first hydrophobiczeolite synthesisedas such.Other
zeoliteslikemordenitecanbe madehydrophobiconly throughleachingout of the
frameworkaluminum.The synthesisof aluminum-poorZSM-5 and its counterpart
silicaliter sultedin a numberof articlesthatrevealedthe specialpropertiesof these
theticandhydrophobiczeolites.It wassoonrecognisedthattheuniquepropertiesof
Z -5andsilicalitearerelatedto thelow aluminumcontentof thesezeolitesandthe
factthatthechannelsare straightand without constrictions.Steps were taken to
hesisealuminum-freesilicalite(x =00 , ~hichto our definitionis nota zeolite,but
rather a"molecularsieve").Theseparationof alcohol-watermixtureswith silicalitehas
. edspecialattention.The synthesisof ZSM-5 and silicalitehas lead to new
licationsforzeolitesandzeolitebasedprocesses.The latestdevelopmentin zeolite
logyisthesynthesisofaluminophosphatebasedmolecularsieves.
. ,
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Table6.Typesof naturalzeolites[5].
Zeolite
DominantcationsGeologicalageof host rockAbundance
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Chabazite
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na t
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K, Na, Ouat.-E c.
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a ya
errierit
Na,Mg
G rron eismondine
N , K - r n
onnar t
,C io
Ha mo om
Ba Ne gene
ul dite
Pl .-Carbon
L nti
Dev n
LevynMes lite
o
de i e
, K
N tr li
.P rm.
Philli sit
K, , Ca .
Sco ci
C Permr
Stil it
a, Ju a.Co n
T on tW i k
tmm
Yugawaralite
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ChapterVIII
EXPERIMENTAL
als
meric materialused in this studywas polysulfonepurchasedfrom Aldrich
ompany.Thepropertiesof polysulfoneis givenin Table7.Dimethylformamide
Dichloromethane(DCM) (Reidel-deHaen)wereusedassolvents.Theproperties
entsaregivenin Table8. Clinoptilolite(a naturalzeolitefromGordes,Turkey)
syntheticzeolitepurchasedfromAldrichChemicalCompany)wereusedin this
yntheticzeolitehasbeenreportedto haveanaverageporesizeof lOA 0 anda
of 2 !J.mbythecompany.
opertiesof polysulfone.
ructure [-C6~-4-C(CH3)2C6~-4-0C6~-4-S02C6~-4-0-]0
dex,nD 1.6330
m3) 1.24
eight,Mo 22,000
opertiesofDMF andDCM.
perty Dimethylformamide,DMF Dichloromethane,DCM
ructure C3H7NO CH2Ch
Weight,g/Mol 73.09 84.93
m3 0.949 1.33
perature,C
99%
140
99%
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8.2Conditioningof theZeolites
Sincesyntheticzeolite13Xwaspurchasedasa powder,it was necessaryto runa
particlesize measurementand determinethe averageparticlesize. Although13X was
purchasedas2 /lmparticles,veryhydrophiliczeoliteparticlesmayformagglomeratesin the
presenceof moisturecausingan increasein the averageparticle size. Particle size
measurementwasperformedon syntheticzeolite13Xusinga MalvernMastersizerparticle
sizeanalyzer.The particlesizewas alsodeterminedby opticalmicroscope(OlympusBX
60M)pictures.
Naturalzeolitewas obtainedfrom Gordes,Turkey in the form of rocks. Since
grindingofthenaturalzeolitesis difficult,rocks weresoakedinawaterbathfora coupleof
days.Theserockwerethenreducedin sizeto 1-2cmin diameterpiecesandafterdryingin
airtheywerereadyfor ball-milling.Zirconiaballswereusedasgrindingmediaduringball-
milling.
Therearefourmainfactorsinfluencingtheperformanceof ball-milling:
1. Thepercentageof grindingmediafillingmillvolume,
2. Thepercentageof voidspacefilledbytheslurry,
3. Thevolumepercentageof solidsintheslurry,
4. Optimumspeedof therotationofthejar
Thesefour parameterswere set as 44 vol.%, 39.7 %, 44.4 vol.% and 101rpm
respectively.Thecalculationmethodusedinthedeterminationof theseconditionsaregiven
AppendixA. Thetotalvolumeof thejar usedwas 1260cc.Ball-millingwascarriedout for
8hoursandethanolwasusedasthegrindingvehicle.Afterball-millingtheslurrywasdried
andthezeolitepowderwasobtained.Particleslessthan10/lm in diameterwereseparated
accordingto Stoke'slawin azeolite-watersolution.Terminalvelocityof aparticlein a fluid
undergravitationalforceis:
v =(Ps-Pf)g d / 18 /l
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wherepsandPf aredensitiesof thesolidandthefluid,g is theaccelerationof gravity,d is
thediameterof theparticleandIl is theviscosityof thefluid.For Ps=1600glcm3
PFI000glcm3,g=9,81mls2,theterminalvelocityofa 10Ilmparticlewascalculatedas v =
3.2710-5mls.
Thetimerequiredfor theparticlesto settledowncouldeasilybedeterminedusing
thisterminalvelocity.For examplefor a heightof 10 cm,the timerequiredfor 10 Ilm
particlesto settleto the bottomof the containerwas estimatedas 51 minutes.The
suspensionwasthenseparatedfromthesolidssettledto thebottomof thecontaineraftera
settimeof 51 minutes.This suspensionwas furtherdriedat 80°C in an ovenfor the
recoveryof fine zeoliteparticles.In orderto get rid of thewateradsorbedon thezeolite
surface,naturalandsyntheticzeolitesweredriedin a vacuumovenat 150°C and0.2 atm.
for4 hoursbeforetheiruse.Polysulfonewasusedin theexperimentswithoutanyfurther
treatment.
8.3MembranePreparation
In this studyfour differentgroupsof polymer-zeolitecompositemembraneswere
prepared.All of the membranespreparedhad a polysulfonematrixwith two different
zeolitesandsolvents.Thecompositionsandthecodesof themembranespreparedaregiven
inTable9. In a specificcodethefirstletterindicatesthesolventype,thesecondindicates
thezeolitetypeandthefinalnumberstandsfor thezeoliteloading.In theremainderof this
thesisthesecodeswill beused.
It is veryimportanto maintainsimilar conditionssuchastemperature,pressurein
eachstepof the preparationsincethe mechanicalpropertiesand the performance(i.e.
selectivityand permeability)of the polymericmembranesheavily dependon these
preparationconditions.Phaseinversiontechniquewas usedfor the preparationof the
polymer-zeolitecompositemembranes.
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Fourmajorsetsof membraneswerepreparedinthiswork(SetsAC, AS, BC and
BS).A setis agroupof membranescontainingthesamezeolitetypeandsolventintheir
structuresbuthavingdifferentzeoliteloading.In orderto maintainsimilarpropertiesin allof
thesolutionstheweightof thepolysulfone,andthevolumeof thesolventwerekept
constant.Theweightof thepolysulfone,thevolumeof thesolventandtheweightof the
zeolitewithrespecto thezeoliteloadingfora setaretabulatedin Table9.
Table9.Membraneswithrespecto solventandzeolitetypes.
Polymer
SolventZeoliteZeoliteLoading
Code(%)
Polysulfone
OCMClinoptilolite20AC2
Polysulfone
li il lite33 44
v
li5513X0
l ll l
MFB li
f
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Table 10. Theweightof thepolysulfoneandzeoliteandthevolumeof solventin a
set.
Polysu1fone(g)
Solvent(cc)Zeolite g)
Zeoliteloading
(%)5
200,5510
5
1 2202 133 3045 05
Thereare four main stepsduringthe preparationof polymer-zeolitecomposite
membranesbyphaseinversionmethod:
1. Preparationof awell-dispersedzeolitesuspensionintherespectivesolvent.
2. Dissolutionof thepolymerinzeoli!esuspension.
3. Castingof afilmof thewell-dispersedpolymer-zeolitesolution.
4. Subsequentsolventremovalin air or in an ovenat a suitabletemperatureunder
vacuum.
Duringpreparationof thepolymer-zeolitecompositemembranesin eachset,zeolite
was firststirredin the solventandkeptin anultrasoundbathfor 15 minutesin orderto
breakuptheclustersof particlesformedduringpowderdrying.Thepolymerwasthenadded
andthesolutionwas stirredfor 24 hoursor untila homogeneousdispersionwasobtained.
Thesesolutionswerethencaston a glassplatethrougha 300Ilm slit afterairbubbleshad
beenremoved.Evaporationof thesolventwascarriedoutunderambientconditionsfor 6
hours.Theresultingmembraneswereabout60-80Ilm thickdependingon thesolventand
thezeoliteused.The flow diagramof themembranepreparationprocedureandthepicture
ofthefilmcastingsetupareshowninFigure9 and10respectively.
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I MEMBRANE PREPARATION PROCEDURE I
SizeReductionFractionation
Characterization
POLYMER
.j,
Well-DispersedDissolutionof the
Polymer-Zeolite
Polymer
Solution
I
~ CastingonaGlassPlate
~SolventRemoval ndDrying~TGA, OM, SEM, FTIR Char cterizationWell-Disp
ZeoliteSusp
UltrasonicBath
Dispersion
i
I SOLVENT I
I ZEOLITE 1--i
"1
...
.,
...•
=,
.,.,
~-.r
~
0\ Figure9. Theflow diagramof themembranepreparationprocedure.
Figure 10.Thepictureof thefilmcastingsetup.
Membranesandmaterialsusedin thepreparationwerefurthercharacterizedby a
numberof techniques.Natural and synthetic zeolites were characterizedby
MicromeriticsASAP 2010AcceleratedSurfaceArea andPorosimetrySystemusingN2
astheadsorptivegasfor surfaceareaandporesizedistributionmeasurements.Weight
losscurvesof all membranesandthe startingmaterialsweredeterminedby Thermal
GravimetricAnalysis(TGA) by usinga ShimadzuTGA-51 instrument.Sampleswere
heatedfromroomtemperatureto 1000DC withaconstantheatingrateof 10DC/min.The
infraredspectraof all membranesandzeolitesweretakenby a ShimadzuFTIR system.
Theuniformityof themembraneswasexaminedbytakingopticalmicroscopepicturesof
bothfacesof themembranesbyusinga reflectedOlympusBX 60M microscopeat 150X
magnification.Scanningelectronmicroscopepicturesof the selectedAS membranes
weretaken.These pictureswere expectedto give valuableinformationabout the
microstructureof the membranesas well as informationon the distributionand
homogeneityof thezeoliteparticlesinthematrix.Thedensitiesof themembranesamples
weremeasuredbyusinganArchimedeswaterdisplacementmethod.
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ChapterIX
RESULTS AND DISCUSSIONS
The preparationof polymer-zeolitecompositemembranesfor gas separation
applicationswas investigatedin thiswork. The effectsof a numberof parametersuchas
solventand zeolite type, zeolite loading,polymer/solventratio and the preparation
temperatureon themicrostructureof thefinalmembranewereinvestigatedin somedepth.In
orderto determinethe optimumrangesof theseparametersfor the followingmembrane
preparationstudies, a number of preliminaryexperimentswere conducted.These
experimentswere necessaryto identifythe effectsof theseparameterson membrane
preparation.
Optimum polymer/solventratios, both for dimethylformamide(DMF) and
dichloromethane(DCM), were determinedin two setsof preliminaryexperiments.The
visualobservationson the propertiesof the membraneswith respectto different
polymer/solventratiosaregivenin Tables12andTable13.Duringtheseexperimentsother
processvariableswerekeptconstant.Theoptimumpolymer/solventratiowasdeterminedas
0.25andfixedatthisvaluethroughoutrestof thiswork
Table 11.Effectof polymer/solventratioforpolysulfonelDMFsystem.
Polysulfone/ DMF (g/ee)
0.10
0.20
0.25
0.30
0.40
Final structure
Largeholes,cracks,nonuniformthickness
Pinholes,smallcracks,mechanicallystrong
Uniformthickness,nopinholesor defects
Uniformthickness,nopinholesbutcracks
Largecracks,uniformthickness
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Table12.Effectof polymer/solventratioforpolysulfone/DCMsystem.
Polysulfone/ DCM (g/ee) Final structure
0.10
Verythin,nonuniformthickness
0.20
No pinholesordefectsbutmec anicallyweak
0.25
No pinholesord fects,mechanicallytrong
0.30
N pinholesbuts allcra ks
0.40
large c
Anothersetof experimentswerecarriedout in orderto determinethemaximum
zeoliteloadingpossiblewithout defects,cracksor pinholesonthesurfaceof themembrane.
PS-DCM-13X andPS-DMF-13X membranes(correspondingto AS andBS series)were
preparedwith zeoliteloadingfrom 10%to 80%. Membraneswith 70%and80% zeolite
13Xloadingshadproblemswith thedissolutionof thepolymerduring thepreparationof
thecastingsolution.The viscosity of thesolutionwastoo highandthesolutionbecame
almostnonviscous.Althoughthefilmswith70and80%loadingshadnopinholesor defects
andhaduniformzeolitedistribution,largecrackswerepresentin thefilms.The film area
withoutcrackswastoo smallto beusedasmembrane.Thusthemaximumzeoliteloading
wassetat 50% in orderto preventanysolubilityproblemsalthough60%loadingwas still
possible.
A maximumzeoliteloadingof 50%anda polymer/solventratioof 0.25werefound
to be optimumat the end of thesepreliminaryexperimentsand the membraneswere
preparedlikewiseatroomtemperatureintherestof thework.
Thecharacterizationof themembranesweredoneby usingN2 adsorption,infrared
spectroscopy,thermogravimetricanalysis,, optical microscopyand scanningelectron
mIcroscopy.
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